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SUMMARY 

The f lammablli'ty Umlts of 18 high-holling hydrocarbons at reduced 
pressures were studied In a closed flame tube with hot-wire Ignition- 
Characteristic two-lobe flammablllty-llmlt curves were exhibited by all 
the hydrocarbons studied. The minlTmiro pressure limit was not affected 
by the molecular weight. 

The rich limit, the lean limit, and the flammability range, when 
expressed as volume percent fuel, decreased as the number of carbon 
atoms Increased. However, If the concentration of fuel Is expressed as 
percent stoichiometric, the lean limit of the n-alkanes and n-alkenes 
** attains a maximum value near a molecular weight of 75. Likewise the rich 

limit of the same two series attains a maximum near a molecular wel^t 
of 100. The flammability range, when e^qpressed as volume percent fuel 
In the mixture, correlated with the molecular weight raised to the 
-0.70 power. The rich limit correlated with the lean limit raised to 
the 0.56 power. 

A correlation between the lean limit and the net molar tieat of 
coinbustlon held for the n-alkane and n-alkene series through the members 
containing ten carbon atoms. The heat of combustion of the lean- limit 
mixtures was substantially a constant. 


INTRODUCTION 

In recent research, one approach to the problem of understanding 
complex combustion processes In jet engines has been the s^iudy of systems 
under carefully controlled conditions. The NACA Lewis laboratory has 
used this approach In a program to prociare data on the fundamental 
properties of hydrocarbons which might be related to the performance of 
engine combustion chambers. Several phases of this program have already 
been published. Including preliminary studies on flame speeds (refer- 
ences 1 and 2) , minimum ignition energies (reference 3) , flammability 
limits (reference 4) , and quenching distances (references 5 and 6) . 
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T]ae research reported herein presents the flammahility limits of 
several high-boiling hydrocarbons as a continuation of datar reported in 
reference 4, Scattered throughout the literature are a variety of 
f lammabillty-limlt data; however, the apparatus and the conditions of 
the experiments are so varied that correlations are extremely difficult- 
Coward and Jones compiled the greater part of tiiese data into a single 
publication (reference 7). An attempt was made at this ]eb oratory to 
select an apparatus and a set of conditions which would yield a consist- 
ent set of reliable flammability limits- A pressure-flammability- limit 
curve for each of the 18 hydrocarbons investigated was obtained by use 
of a vertical glass' flame tube 2 inches in diameter and 48 inches long, 
with a hot-wire ignition source at the lower end- The variation of- the 
f^l ammab illty limits with the nuBher of carbon atoms is presented 
graphically herein- From the relation between t he rich and lean limits 

an approximate expression was derived by which the rich limit of fuels 

may be estimated when their lean limit is known- Molecular weight was 
also related to flammability range (the rich limit minus the lean limit) 
by an approximate expression. 


SYMBOLS 

The following syitibols are used in this report: 
a,b,c,d constants 

hjj net heat of combustion, kcal/mole 

k constant, 10.40 

L lean limit, percent by volume 

E rich limit, - percent by volume 

Rg^ flammability range, percent-by volume 

W molecular weight 

Subscripts : 

d derived .. 


e 


experimental 
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EXEERIMEINTAL DETAILS 
Apparatus 

In this investigation the tuhe method of determining pressure- 
flammability limits was selected. The specific apparatus employed, a 
modification of that used in reference 4, is Illustrated in figure 1- 

The fuel metering, mixing, and storing apparatus consisted of a 
45 -liter galvanized-steel storage tank with sealed stirrer A, fuel 
capsule B, air inlet H, and precision manometer C. These components 
were .mounted within a glass -walled tank containing ethylene glycol, 
which served as a constant -temperature bath. The bath ten^jerature was 
thermostatically controlled at preset temperatures from 50° to 110° C 
+0.5° C. The test section consisted of a closed glass tube 1.85 Inches 
inside diameter and 48 Inches long, joined by a spherical glass joint 
to the ignition section. The flame tube and the ignition section were 
enclosed by a cylindrical resistance -wound furnace. Three separate 
windings were calibrated to give a uniform temperature throughout the 
length of the flame tube. By means of calibration cliarts any tempera - 
ture between 25° and 500° C could be preset. The furnace was provided 
with a longitudinal slit l/2 inch wide for visual observation of the 
flames . 

The hydrocarbon-air mixtures were Ignited by means of a hot wire, 
which consisted of about 14 inches of 26-gage Nlchrome wire wound in the 
form of a small helix. The electrical power to the coil was 90 ±2 watts 
throughout the investigation (reference 4) . 


Preparation of Hydrocarbon-Air Mixtures 

The hydrocarbons used for this study were either prepared or pur- 
ified by the Lewis laboratory or by the national Bureau of Standards, 
and all hydrocarbons had a purity of at least 99 mole percent. 

In the preparation of a fuel-air mixture, the fuel-mixture storage 
tank was first evacuated. Hydrocarbon vapors were then expanded into 
the system from the fuel capsule (see fig. l) . The partial pressure of 
the fuel was read on the precision manometer by means of a cathetometer 
accurate to +0.05 millimeter. Air was passed through Anhydrone to remove 
water and through Ascarlte to remove carbon dioxide and then admitted to 
the system to form the desired fuel-air mixture as calculated on the 
basis of the ideal gas law. To ensure hcanogenelty, the mixture was then 
stirred by a vaned-type stirrer sealed into the tank. After a fuel-air 
mixture had been prepared, leaner mixtures could be made from it by 
successive dilutions with air. 
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EROCEDURE 

The method of determining pressure-flammability limits was essen- 
tially the same as that reported in reference 4. 

For a given fuel-air mixture, propagation was attempts in the 
flame tube at various pressiares until the lowest pressure that would 
support flame travel was found. The limit was the average between two 
pressures 2 millimeters apart, only one of which would support flame 
travel. Flammability was considered in all cases to exist only if the 
flame traveled the entire length of the flame tube. The limits were 
all recheched with the same mlxtiare to ensure reproducibility, which 
was +1 millimeter of mercury. 

A given pressure-limit curve obtained by measuring the limits for 
a series of mixtures could be reproduced on subsequent days with fresh 
mixtures of- fuel and air. The results of the check runs are shown as 
tailed points on the pressure-concentration -limit curves presented 
herein. 


RESULTS AND DISCUSSION 

The original data obtained during the course of this investigation 
are presented as the pressure-flammability- limit curves in figure 2. 

These curves show the pressure limit plotted against the fuel concen- 
tration in the mixture, expressed as percent~stoichlometrlc . Any fuel 
concentration above the curves will support combustion, while any fuel 
concentration below the curves will not. This investigation shows that 
the limits, represented by the bounding vertical sides of the curves, 
remain nearly constant from ^proxlmately 250 millimeters mercury to 
atmospheric pressure. The ml.nimijm point of the curves is referred to 
as the minimum pressure limit and is the lowest pressure at which any 
concentration of-the hydrocarbon in air will support ccmbustlon. 

Although this point is a function of the apparatus. Ignition source, and 
temperature, it is a constant for a given set of conditions. The min- 
imum pressure limit appears to be Independent of the moleculEir weight. 

In the. subsequent discussion the limits of the hydrocarbons below a 
molecular weight of 72 are from reference 4. Curves for all the hydro- 
carbons studied exhibit a characteristic two -lobe shape, although the 
juncture of the lobes is not always plotted with a high degree of 
accuracy. 

Since higher than room temperatures were required to ensure complete 
vaporization of the higher hydrocarbons, the resulting data had to be 
corrected to a reference point designated as room tenperature. Data for 
four of the seven representative hydrocarbons selected for the tespera- 
ture study were taken from reference 7^ for the three others, from NACA 
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Investigations. The average change of the lean limit, expressed as 
volime percent fuel In the mixture, for the temperature range Involved 
( 25 ° - 80° C) was less than 0.001 percent per °C. The average change of 
the rich limit, expressed as volume percent fuel In the mixture, over 
the same temperature range was 0.004 percent per °C. These temperature 
corrections were applied to the data for the ensuing discussions. 

The temperature of the fuel-air mixture In many cases was different 
from that of the flame tube, which necessitated an Investigation of the 
time required for the gas to assume the flame-tube temperature. For the 
temperature differences Involved, It was found that the gas required a 
maxlTnuTn of several seconds to assume the flame-tube temperature. 

When the lean limit, expressed as volume percent of fuel In the 
mixture. Is plotted against the number of carbon atoms In the molecule. 

It decreases quite regularly as the nximber of carbon atoms increases , 
(fig. 3 ) . The preceding relation holds true for the n-alkanes and the 
n-alkenes. The curves at the top of figure 3 show the effect of carbon 
content on the rich limit. Here again the limit decreases regularly as 
the number of carbon atoms increases. Since the rich flammability 
limit Is decreasing more rapidly than the lean limit, the over-all effect 
is a decrease of flammability range as carbon content Increases. 

The flammability limit of the fuel in the milxture, eapressed now as 
the percent stolchlometriCj Is plotted against the molecular weight In 
figure 4 . For the n-alkanes the lean limit increases slightly to 
n-pentane and then decreases to n-decane; for the n-alkenes the lean 
limit increasies to n-hexene and then decreases to n-decene. The rich 
limit for the n-alkanes increases very rapidly from methane to n-heptane 
and then decreases sharply to n-decane. Omitting ethylene, the first 
member of the series, the n-alkene rich limit Increases from propylene 
to n-hexene, then levels off through n-decene. From the curves presented 
In this fig\xre it is seen that the molecular yeight affects the rich 
limit to a larger extent than it affects the lean limit. 

The flammability range, that Is the rich limit minus the lean limit, 
expressed as volume percent fuel in the mixture, is plotted against the 
molecular weight in figure 5. AH the hydrocarbons studied, plus those 
of reference 4, are Included In this plot. The two compounds that 
deviate considerably are methane and ethylene. Also included in the 
plot are five gasoline sanples. Because of the fair degree of correla- 
tion shown In figure 5 between the flammability range and the molecular 
weight, an expression approximately relating the two properties may be 
written as follows; 
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The constants In equation (l) were evaluated, and the resulting equation 

Rg, - 143 (2) 

was then used to calculate the f lainmah ilit y range from the known molecu- 
lar weights for si 1 the hydrocarhons and the gasoline samples included in 
this discussion. The results are presented in^ table I. For all the pure 
hydrocarbons, methane and ethylene excepted, the average deviation of the 
experimentally determined flammability range from the mean curve as rep- 
resented by equation (2) was 0.6 volume percent fuel. This error W6us 
equal to an average deviation of 6 percent. For the five gasoline samples 
listed the agreement was very good. The actual average deviation for the 
five gasolines in vol\jme percent fuel was 0.19, and the average percent of 
deviation was 3.4. 

The lean limit is plotted in figure 6 against the rich limit, both 
being expressed^ as volimie percent fuel in the mixture. Included in this 
plot are all the hydrocarbons previously tised in figure 5, as well as the 
five gasoline samples already mentioned. Although this plot is composed 
of six different hydrocarbon types, there is relatively good correlation 
for all except ethylene, which deviates considerably. This relation 
between the lean and rich limits may be stated by the following expres- 
sion: 


R =* cL^ 


(3) 


The constants in equation (3) were evaluated, and the resiilting equation 


R = 7.1 (4) 

was used to calculate the rich flammability limits from the experimen- 
tally determined lean limits for all the Included hydrocarbons . The 
results are presented in table II. For the pure hydrocarbons, ethylene 
excepted, the average deviation of the experimentally determined values 
from the. mean curve as represented by equation (4) is 0.5 volume percent 
fuel, which is equivalent to an average deviation of 6 percent-^ The fig- 
ures that are given for the gasolines in table H luider the heading Lg 

are values calctilated from the experimentally determined lean limits. 

The average rich limit for the gasolines, from the experimenteilly deter- 
mined lean limits, was found to deviate from the average experimental 
value by 0.78 volume percent fuel, which equals a percent deviation of 
12.3. 


Egerton and JE^owling (reference 8) found a correlation between the 
lean limit and the net molar heat of combustion of the fuel for the 


2657 



WACA EM E52H15 


7 


n-alkaae series to octane. This same type of correlation was found in 
this investigation for the n-alkane and n-alkene series to n-decane and 
n-decene, respectively. This correlation is presented in figure 1 , along 
with that for the three arcHnatlcs studied. 

Many investigators (references 9 and lO) in the past have found that 
the ccmibuBtlon heat available in a limit mixture was substantially a con- 
stant. This finding was essentially true in the present investigation. 

In figure 8 the relation between the molecular wei^t and the heat of 
combustion of lean-limit mixtures is graphically presented. The ordinate 
represents the net heat of canbi:istlon available in lean- limit mixtures . 
The n-alkane and n-alkene series are shown plotted with a smooth curve 
drawn throu^ the n-alkanes. 

In calculating the rich limits from experimentally determined lean 
limits, the greatest deviatio n s for the gasolines are for the two (A and 
B) from another laboratory (table II) . The lean limits found at that 
laboratory are generally higher than those found at the Lewis laboratory, 
which in part accounts for differences in deviation of calculated rich 
limits. Possible experimental differences were overcome by calculating 
lean limits from known molecular weights and heats of combustion of the 
mixtures, as shown in figure 8. For the fuels studied an average lean- 
limit heat of combustion of 10.40 was found. This value, together with 
the net heat of combustion per mole of the fuel, was used to calculate 
the lean limit from the relation 

Lhc = k (5) 

The rich limits were then calculated in the normal manner using the 

expression R = 7.1 The results of these calciilations are listed 

in table H xinder L^. For the .five gasolines, an average actual devia- 
tion of 0.24 volume percent fuel was foiind, which is equivalent to an 
average deviation of 3.9 percent from the experimentally determined rich 
limits . 


SUMMARY OF RESULTS 

From a study of the pressiore-flammability limits of hydrocarbon-air 
mixtures, the following results were obtained: 

1. All the hydrocarbons studied exhibited characteristic two-lobe 
pressure-concentration curves. The minimum pressure limit was not 
affected by the molecular weigdit. 

2. When the concentration was expressed as volume percent fuel in 
the mixture, it was found that the rich limit, lean limit, and flammabil- 
ity range decreased as the nuniber of carbon atoms in the molecule 
increased. 
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3. When the concentration of fuel in the mixture was expressed as 
the percent stoichiometric, it was found that for n-alkanes and n-alkenes 
the lean limit increased to n-pentane and n- hexene, respectively, and 
then decreased to n-decane and n-rdecene, respectively. The rich limit for 
n-alkanes increased rapidly to n-heptane then decreased to n-decane. 
For the n-alkenes, the rich limit increased rapidly to n-hexene and then 
remained suhstantlally constant through n-decene. 

4. The flammability range, when expressed as volume percent fuel in 
the mixture, was found to correlate with the molectilar weight raised to 
the -0.70 power. This relation was evaluated for all of the hydrocarbons 
studied and for several fuels with good agreement. 

5. The rich limit was found to correlate with the lean limit- raised 
to the 0.56 power. The predicted values for the rich limit from this 
relation agreed well with those experimentally obtained. 

6 . The correlation between the lean limit and the net molar heat of 
combustion was found to hold for the n-alkane and n-alkene series throu^ 
the ten hydrocarbon members. It was also shown that the heat of ccmbus- 
tion of the lean limit mixtures was substantially a constant. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio 
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TABLE I - EVALUATION OF EXPRESSION R^ = 143 



Actual deviation 
(Fuel, percent hy 
volume) 

Deviation 

(percent) 

Average for 31 
hydrocarbons®' 

0.6 

6 

Gasoline ^ 

0 

0 

Gasoline 

-0.3 

-4.5 

Gsisoline C 

-0.1 

-2.5 

Gasoline D 

0.4 

7 

Gasoline E 

-0.15 

-2.8 

Average for 
5 gasolines 

0.19 

3.4 


^Except ethylene and methane. 

^Reference 7 , temperatiare effect unkn own . 


TABLE II - EVALUATION OP THE EXPRESSION R = 7.1 



Actual deviation 
(Euel^- percent by 
volume ) 

Deviation 

(percent) 


Le 

Ld 

Le 

% 

Average for 32 
hydrocarbons® 

0.5 

— 

6.0 

— 

Gasoline ^ 

1.4 

0.0 

19 .7 

0.0 

Gasoline 

1.0 

0.5 

20.8 

9.4r 

Gasoline C 

-1.1 

-0.3 

-14.9 

-4.2 

Gasoline D 

0.1 

0.1 ' 

1.5 

1.5 

Gasoline E 

0.3 

0.3 

4.8 

4.6 

Average for 
5 gasolines 

0.78 

0.24 

12.3 

3.9 


Except ethylene. 

^Reference 1 , temperatin'e effect unknown. 
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A Storage tani. 

B Fuel capsule 

C Preclaion manometer 
D Flame tube 

E Pressure gage 

F Ignition coll 

G Resistance-wound furnace 
H Dried-air inlet 



Figure 1. - Apparatus for determining flaraoBbllity Umlt 
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0 80 160 240 320 400 

Fuel, percent atolchlcmetric 


(a) n-Pentane and air. Flai^-tube teinperature, 2B° C. 
Figure 2. - Preasure-flammabllltF limits In closed flame tube. 
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0 80 160 240 320 400 480 


Fuel, perceut stoichiometric 
(h) n-Hexane and air. Flame-tube teniperature, 50° C. 

Figure 2. - Continued. Fressure-flammahility limits in closed flame tube. 
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0 80 160 240 320 400 480 

Fuel, percent stolchicanetxlc 

(c) n-Heptane and air. Flame-tiibe temperature, 50° C. _ 

Flgin-e 2. - Continued. Preesure -flammability limits In closed flame tube. 
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Figure Z* - Continued* Pressure-flarnmability limits in closed flame tube* 
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0 80 160 2 4 0 320 400 480 

Fuel, percent atoichlooietric 

(e) n-Honane and air. Flasie-ttibe ten^rature, 80° C. 

Figure 2. - Continued* Pressure -flanma'blllty limits In closed flame tube* 
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Fuel, percent stoichiometric 

(f) n-Decane and air. Flame-tube temperature, 80° C. 

- Continued. Pressure-flammability limits In closed 
flame tvie. 


Flgiore 2. 
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Figure 2. - Continued. PreBaure-flamoablUty limltB In closed 

flams tube. 
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Fuel, percent stoichiometric 


0 


(h) 1-Octene and air. Flsme-tiibe temi>erature, 80° C. 

Figure 2. - Continued. PreBBUre-flsamB.blllty limits In closed flame tube. 
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Fuel, percent stoichiometric 
(1) 1-Decene and air. Flame-tuhe temperature, 80° C- 
Figure 2. - Continued. Freasure-f Xammablllty Halts In closed flame tube 
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Figure 2. - Coatinued. PresBure-flammabllity limits in closed 

flame tube. 
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0 80 160 240 ■ 320 400 

Fuel, poroent atolcliiomatrlc 

(k) Toluene and air. Flame-tube teigierature, 50° C. 

Figure 2. - Continued. Preosure-flammablUty limits In closed 

flame tube. 
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0 80 160 240 320 400 

Fuel, percent etBlohlometrlc 


(m) iBopropylbetizene and air. Flame-tube teiiperature, 80® C. 

Figure 2. - Continued. PreBBUre-flajisnabillty UmitB In closed 
flame tube. 
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0 60 160 2*0 320 *00 *80 


Fuel, percent stoichiometric 
(n) Cyclohexane and, air. Flame-tube temperature, 50° C. 

Figure 2. - Continued* Fressure-flamnahlllty limits In closed flame tube* 




26 



0 80 160 240 320 


Fuel, percent stoichiometric 

(o) Methylcyclohexane and air. Flame-tube temperature, 

Figure 2. - Continued. FreSBure-flamnabllltF limits 
closed flame tube. 
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Fuel, percent stoichiometric 


(qj Dl-lso]?ropyl and air. Flame-tuBe tenqierature, 50° C. 

Figure 2. - Continued. Fressure-flammahlllty limits In closed 
flame tube. 
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Carbon atoms in molecule 

Figure 3- - Effect of number of carbon atoms on flammability limits. 
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Figure 4. - Effect of molecular weight on flsumnablllty limits. 


lllty range of fuel, percent lay volume 



Bfolecular weight, W 

Figure 5. - Effect of jnolecular weigfht on flammahllity range of 
bydrocarhons- Eg. « 143 
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Reciprocal of lean fuel limit, l/L 

Figure 7. - Correlation of lean limit of hytirocarhon-sJ-r mlxturea and net 
molar heat of oontaistion of fuel. 
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